Background: During storage of erythrocytes, storage lesions are formed that reduce the safety and efficacy of the stored blood. Thus, there is a need to understand the changes that occur during storage. Most studies have focused on storage of a mixed population of erythrocytes. The aim of this study is to analyze the changes in young and old erythrocytes over the course if storage. Materials and Methods: Blood was collected from the blood bank at the Kempegowda Institute of Medical Sciences (KIMS) Hospital (Bengaluru, India) and stored for 35 days in CPDA-1 at 4 ° C. Every 5 days, erythrocytes were separated based on the blood's age using a Percoll-BSA gradient. Young and old erythrocytes obtained were used for analysis of the following oxidative stress (OS) markers: hemoglobin (Hb), hemolysis, mechanical fragility, antioxidant enzymes (superoxide dismutase and catalase [CAT]), superoxides, sialic acid, glutamic oxaloacetate transaminase (GOT), glucose, plasma membrane redox system (PMRS), total antioxidant capacity-cupric ion reducing antioxidant capacity assay (TAC CUPRAC ), lactate dehydrogenase (LDH), lipid peroxidation products (malondialdehyde [MDA] and conjugate dienes), and protein oxidation products (advanced oxidation protein products and protein sulfhydryls). Result: Young cells had higher amounts of Hb, sialic acid, GOT, LDH, TAC CUPRAC , CAT, and superoxides compared to old cells. Old cells, however, had higher PMRS and MDA levels with respect to young cells. Discussion: Young cells could endure OS during storage more efficiently than old cells. In conclusion, the efficacy of stored blood depends on the ratio of young cells in the population. This study highlights the prospects of storing young erythrocytes for a prolonged shelf life of blood.
Introduction
Erythrocytes are mature red blood cells that are deformable and oval biconcave discs. They are the principal means of transporting O 2 and CO 2 . These cells are enucleate and lack cell organelles. However, they are rich in hemoglobin (Hb). They have a life span of about 120 days in circulation before they are cleared off [1] .
During ageing, changes in physical, biochemical, and physiological properties occur in erythrocytes. The aged cells (old cells) are more likely to be trapped and destroyed during microcirculation [2] . As erythrocytes age, a decrease in cell volume and Hb is observed. Old erythrocytes also increase in density as they bind to autologous immunoglobulin G (IgG), that serves as an initiator for the removal of senescent erythrocytes. The binding of antibodies is also associated and triggered by changes to the anion exchanger Band 3, giving rise to neoantigens [3] [4] [5] [6] . Over the course of their life span, they have a decreased sulphate transport, which hampers the binding of ankyrin to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a key enzyme in glycolysis [7, 8] . There is also an increase in the amount of glycated Hb [8] . They lose water, 2,3-BPG, ATP, proteins, and Hb, and the number of vesicles increases. Erythrocytes also lose some surface materials such as sialic acids, which alter the structure and DOI: 10 .1159/000501285 function of the membrane. These sialic acids are 90% N-acetylneuraminic acid (NANA), which is responsible for the electrical charge to the cells. These senescent erythrocytes also expose membrane phosphatidylserine [9] .
Oxidative stress (OS) occurs when there is an imbalance in the generation of free radicals and reactive oxygen species (ROS) overwhelming the antioxidant capacity. OS causes storage lesions which can be defined as "a series of biochemical and biomechanical changes that occur during storage" [10] . Erythrocytes undergo progressive morphological changes, including deformation of the biconcave disk structures into echinocytes with protrusions and finally into spheroechinocytes. Fragmentation and aggregation of proteins and lipids also occur over the course of storage and are irreversible [11] . Erythrocytes are constantly exposed to OS due to the presence of ROS, which are countered by the endogenous antioxidant system [12] .
Few studies have reported the effects of storage on young and old erythrocytes in terms of cell number, intracellular pH, CD 44 and CD 147, band 4.1a/4.1b ratio, etc. [13] [14] [15] [16] . However, continuous changes as a function of storage with erythrocyte ageing have not been reported. Thus, the aim of this study is to analyze the effect of storage on young and old sub populations of erythrocytes in whole blood. The changes were analyzed through markers of OS.
Materials and Methods
Percoll was purchased from GE Healthcare. Epinephrine, thiobarbituric acid (TBA), 4,7-diphenyl-1,10-phenanthrolinedisulfonic acid disodium salt, and bovine serum albumin (BSA) were purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA), Hemocor-D was purchased from Coral Clinical Systems (India), a glucose kit was purchased from SPAN Diagnostics Ltd. (ARKRAY Healthcare Pvt. Ltd.) and a glutamate oxaloacetate transaminase (GOT) kit was purchased from Aspen Laboratories (India). All other chemicals used were of reagent grade and the organic solvents were of spectral grade.
Blood Sampling
Blood was obtained from healthy males (volunteer donors) aged 20-45 years from the blood bank at the Kempegowda Institute of Medical Sciences (KIMS) Hospital (Bengaluru, India). The samples were collected before sealing of the blood bags and stored in citrate phosphate dextrose adenine-1 solution (CPDA-1) solution at 4 ° C.
Experimental Design
Blood was stored at 4 ° C in CPDA-1 for a period of 35 days. The blood was not leukoreduced. Erythrocytes were isolated from whole blood (each day, n = 20) in 5-day intervals. The isolated erythrocytes were then separated based on the blood's age using a Percoll density gradient. The young and old erythrocytes obtained were used to assess Hb, hemolysis, and mechanical fragility. They were then converted into hemolysate and the following markers were analyzed: superoxides; sialic acid; antioxidant capacity, i.e., total antioxidant capacity-cupric ion reducing antioxidant capacity assay (TAC CUPRAC ), glutathione, and sulfhydryls; plasma membrane redox system (PMRS); glucose; lactate dehydrogenase (LDH); antioxidant enzymes; and protein oxidation and lipid peroxidation products.
Erythrocyte Separation
Erythrocytes were isolated by centrifuging whole blood for 20 min at 1,000 g at 4 ° C. The supernatant (plasma and leukocytes) was discarded and the erythrocytes (pRBC) were washed twice, after which they were resuspended in isotonic phosphate buffer (pH 7.4) (310 imOsm) to a final hematocrit of 50% [17] .
Isolation of Young and Old Erythrocytes
Young and old erythrocytes were isolated using a modified method of Corsi et al. [18] . In brief, 2 solutions of BSA, i.e., solution 1: 4.8% (w/v) BSA in water and solution 2: 4.8% (w/v) BSA in Percoll (1.13 g/mL), were prepared. Solution A contained 19 parts of solution 1 and 1 part of HEPES buffer (pH 7.4); solution B contained 19 parts of solution 2 and 1 part of HEPES buffer (pH 7.4). Gradients of Percoll concentrations -84, 76, and 70% (v/v) -were formed by mixing solutions A and B in the appropriate ratios. By layering each successive gradient carefully, a discontinuous gradient was prepared. The pRBC (50% hematocrit) were layered upon the gradient carefully and centrifuged at 1,000 g for 10 min at 20 ° C.
Cells found in the 70% layer were "young cells," and cells in the 84% layer were "old cells." These separated erythrocytes were washed and resuspended in isotonic phosphate buffer (pH 7.4) to a final hematocrit of 50%. The volumes of the fractions were recorded and the subpopulations were assayed for the OS markers.
Erythrocyte Count
The numbers of young cells and old cells were counted using a hemocytometer [19] . The numbers of cells were represented as a ratio of young cells to old cells.
Hemolysate Preparation
Erythrocytes were lysed using hypotonic phosphate buffer yielding hemolysate, which was stored at -20 ° C for the analyses [17] .
Hemoglobin
Hemocor-D reagent was used to assess the amount of Hb in the erythrocytes using the cyanomethemoglobin method, and the absorbance was measured at 540 nm. Hb concentrations are shown in grams per deciliter [20] .
Oxidative Hemolysis and Mechanical Fragility
Erythrocyte suspensions (10%) were divided into 2 groups. Oxidative hemolysis was performed using the method described by Sentürk et al. [21] . Mechanical fragility was performed using the method described by Lippi et al. [22] . Oxidative hemolysis was performed by adding equal volumes of 0.9% PBS and 1% H 2 O 2 into group 1. Mechanical fragility was performed by double aspiration of the erythrocyte suspension through a 1-mL insulin syringe (31 gauge, 0.25 × 8 mm) and equal volumes of 0.9% PBS and 1% H 2 O 2 were added to group 2. The 2 groups were incubated at 37 ° C in a BOD incubator for 1 h. All of the samples were then centrifuged at 1,000 g at RT for 5 min. Hemolysis and mechanical fragility were determined by measuring the Hb released into the supernatant at 540 nm and represented based on the maximum absorbance (100%) in the aliquots of erythrocytes completely hemolyzed in distilled H 2 O.
Sialic Acid
Sialic acid was estimated using the method of Warren [23] . Briefly, the hemolysate was treated with periodate solution and incubated at room temperature for 20 min. Arsenite solution was added and vortexed until the brown color disappeared. A solution of 0.6% TBA in 0.5 M sodium sulfate was added and incubated in a boiling water bath for 15 min. The reaction mixture was cooled and equal volumes of cyclohexanone were added to the top layer. The mixture was then centrifuged at 1,000 g for 5 min and the absorbance of the supernatant was read at 549 nm. The amount of sialic acid present was calculated using the molar extinction coefficient for NANA (57,000 M -1 cm -1 ).
Glutamate Oxaloacetate Transaminase
The levels of GOT in hemolysate were assessed utilizing the modified IFCC method spectrophotometrically at 340 nm as described in the Aspen Laboratories kit [24] . GOT catalyzes the reaction between L-aspartate and α-ketoglutarate, forming L-glutamate and oxaloacetate. The oxaloacetate formed reacts with MDH (malate dehydrogenase) to form L-malate and NAD. The rate of NADH-to-NAD formation was measured as a decrease in absorbance at 340 nm, which is proportional to the GOT activity in the sample.
Superoxides
Superoxide levels were estimated by the method of Olas and Wachowicz [25] . Briefly, hemolysate was treated with cytochrome C (160 µM) and incubated at 37 ° C. It was then centrifuged at 1,000 g and the absorbance was measured at 550 nm (superoxides were represented as µM/mg protein).
Glucose
The GOD-POD enzymatic method was used to assess the levels of glucose in hemolysate, as described in the Autospan Gold kit, and the absorbance was measured at 546 nm [26] . Glucose is oxidized to gluconic acid and H 2 O 2 in the presence of glucose oxidase. The H 2 O 2 formed reacts with p-hydrobenzoic acid and 4-aminoantipirine through catalysis by peroxidase, forming a red quinoneimine dye. The intensity of the red color is proportional to the amount of glucose present.
Lactate Dehydrogenase
The LDH in the hemolysate was measured using the method of Buhl et al. [27] . Briefly, the hemolysate was treated with the LDH reagent (a mixture of reagents 1 [80 mM Tris, 1.6 mM pyruvate, and 200 mM NaCl] and 2 [0.2 mM NADH] at a ratio of 4: 1) and incubated at 37 ° C for 5 min. The absorbance was measured at 340 nm.
Glutathione
Glutathione was measured using the method described by Beutler et al. [28] . Briefly, hemolysate was treated with 4% sulfosalicylic acid, vortexed, and centrifuged at 2,500 g for 15 min. The supernatant was treated with 10 mM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) and the absorbance was read at 412 nm.
Total Antioxidant Capacity-Cupric Ion Reducing Antioxidant
Capacity Assay TAC CUPRAC was measured using the method described by Da Cruz [29] . Briefly, the hemolysate was treated with 0.25 mM BCS in 10 mM phosphate buffer (pH 7.4) and an initial absorbance was read at 490 nm. After the addition of 0.5 mM CuSO 4 , it was incubated at room temperature for 3 min. Ethylenediaminetetraacetic acid (EDTA) (0.01 M) was added to arrest the reaction and the absorbance was read at 490 nm. The results were compared with a standard uric acid curve (and are expressed in mM uric acid equivalents/L).
Plasma Membrane Redox System
The erythrocyte trans-plasma membrane redox activity was estimated by following the reduction of ferricyanide according to a modified method of Avron and Shavit [30] . The hemolysate was mixed with PBS (containing 5 mM glucose and 1 mM potassium ferricyanide) and incubated for 30 min at 37 ° C and then centrifuged at 1,800 g at 4 ° C. The supernatant was assayed for ferrocyanide content using 4,7-diphenyl-1,10-phenanthrolinedisulfonic acid disodium salt and absorption was measured at 535 nm (e = 20,500 M -1 cm -1 ) (results are expressed as µmol ferrocyanide/mL hemolysate/30 min).
Antioxidant Enzymes
Superoxide Dismutase Superoxide dismutase (SOD) activity was measured using the method described by Misra and Fridovich [31] . In brief, the hemolysate was treated with carbonate buffer (0.05 M) and epinephrine (30 mM). The change in absorbance was monitored spectrophotometrically at 480 nm. SOD activity was expressed as the amount of enzyme that inhibits 50% oxidation of epinephrine.
Catalase Catalase (CAT) activity was measured according to the method described by Aebi [32] . Briefly, the hemolysate was treated with absolute alcohol and incubated at 0 ° C. To this reaction mixture, H 2 O 2 (6.6 mM) and phosphate buffer were added and the reduction in absorbance was detected spectrophotometrically at 240 nm. The enzyme activity was estimated using an extinction coefficient of 43.6 M cm -1 .
Lipid Peroxidation
Malondialdehyde Malondialdehyde (MDA) was measured according to the method described by Ohkawa et al. [33] . In brief, hemolysate was mixed with SDS (8.1%), acetic acid (20%), and TBA (0.6%) and incubated at 100 ° C. The samples were cooled and treated with butanol-pyridine (15: 1) mixture. The absorbance of the supernatant was measured at 532 nm using the standard, i.e., 1,1,3,3-tetramethoxy propane (MDA levels were represented as µmol/mg protein).
Conjugate Dienes Conjugate dienes was measured by the method described by Olas and Wachowicz [25] . Briefly, hemolysate was treated with ether:ethanol [1: 3 (v/v)], vortexed, and centrifuged at 6,000g. The level of conjugate dienes was measured in the supernatant at 235 nm.
Protein Oxidation
Advanced Oxidation Protein Products Advanced oxidation protein products (AOPP) were measured according to Witko et al. [34] . In brief, hemolysate was treated with isotonic phosphate buffer, 1.16 M potassium iodide, and glacial acetic acid. The absorbance was measured at 340 nm. The amount of AOPP was estimated using an extinction coefficient of 26 mM -1 cm -1 .
Protein Sulfhydryls
The hemolysate was treated with sodium phosphate buffer (0.08 M) with Na 2 -EDTA (0.5 mg/mL) and SDS (2%). DTNB (20 mg in 10 mL) was added and the reaction mixture was incubated at room temperature. The absorbance was measure spectrophotometrically at 412 nm. The amount of protein sulfhydryls (P-SH) was determined using a molar absorptivity, of 13,600 M -1 cm -1 [35] .
Protein Determination
Protein in the samples were determined with the standard, i.e., BSA [36] . 
Statistical Analyses
The results obtained were expressed as means ± SE. Two-way ANOVA and a Bonferroni post-hoc test was performed using GraphPad Prism 6 software, and p < 0.05 was considered statistically significant.
Results
Young erythrocytes could be isolated until day 20. Cells were not present in the 70% Percoll layer after day 20. The fraction of young cells decreased by 60% on day 5 and by 30% from day 10 onwards when compared with day 0, respectively. However, the old cell fraction was reduced by 30% only on day 5 when compared with day 0. The variations in the volumes of old erythrocytes were insignificant from day 5.
Erythrocyte Count
The ratio of young:old cells was reduced over the storage period. The ratio in earlier days of storage (days 0 and 5) was 1.5 and from day 10 onwards it was reduced to 0.9.
Hemoglobin
Hb was significant (p < 0.0001) on all days with respect to storage in young and old erythrocytes. Hb increased on days 10 and 15 with respect to day 0 in the young cells. Decrements in Hb were observed on day 20 compared to days 10 and 15, respectively.
Hb incremented on day 25 compared to days 0, 5, 10, and 20 respectively, while a decrement was observed on day 35 compared to day 25 in old cells.
Hb was significant (p < 0.001) between young and old erythrocytes. Decrements in Hb were observed in old cells with respect to young cells on days 10 and 15, respectively.
Oxidative Hemolysis
Oxidative hemolysis was significant on all days with storage in old cells (p < 0.001). A 1-fold increment was observed on day 20 compared to days 0 and 5, while a decrement of 75% was observed on days 30 and 35 compared to day 20 in old cells. Hemolysis was insignificant between young and old cells (Table 1) .
Mechanical Fragility
Significant changes (p < 0.001) in mechanical fragility were observed with respect to storage in old cells. Oneand 2-fold increments were observed on days 15 and 20 compared to day 0 in old cells. Mechanical fragility was elevated by 1-fold on day 20 compared to days 5 and 10, respectively. Decrements were observed on days 25, 30, and 35 when compared with days 15 and 20.
Mechanical fragility was significant (p < 0.001) between young and old erythrocytes. A decrement was observed in young cells with respect to old cells on day 20 (Table 1) .
Sialic Acid
Changes in sialic acid were insignificant with storage. A decrement was observed on day 0 between young and old cells (Fig. 1) .
Glutamic Oxaloacetate Transaminase
Changes in glutamic oxaloacetate transaminase (GOT) were significant (p < 0.01). A decrement in GOT was observed in old cells when compared with young cells on day 0. Values are presented as means ± SE. Changes between cell ages are represented by lowercase letters. Changes within the groups (storage) are represented by special characters. * Significant compared to day 0. # Significant compared to day 5. ** Significant compared to day 10. ## Significant compared to day 15. ■ Significant compared to day 20. Those not sharing the same letters are significantly different. Significance level: oxidative hemolysis and mechanical fragility: storage (p < 0.001); LDH: storage and between cell ages (p < 0.0001). Superoxides were significant (p < 0.01) between young and old erythrocytes. Decrements in superoxides were observed on days 10 and 15 in old cells with respect to young cells (Fig. 2) .
Young and Old Erythrocytes of Stored Blood

Glucose
Changes in glucose were insignificant with respect to storage in all of the groups. The glucose level was higher in young cells than old cells. A decrement was observed in old cells compared to young cells on day 15. Lactate Dehydrogenase Changes in LDH were significant (p < 0.0001) with respect to storage in young cells. Elevations in LDH were observed on days 10 and 15 in the young cells compared to days 0 and 5. A decrement was observed on day 20 compared to day 10 ( Table 1) .
LDH was significant (p < 0.0001) between young and old erythrocytes. LDH decreased on days 0, 5, 10, 15, and 20 in old cells compared to young cells.
Glutathione
Significant changes (p < 0.0001) in glutathione were observed with storage in young and old cells. Decrements in glutathione were observed on days 10 and 15 when compared with days 0 and 5 in young cells. Glutathione also elevated by 5-fold (day 20 vs. day 10) and 6-fold (day 20 vs. day 15).
Glutathione decreased on day 15, while it increased on days 20 and 35 compared with day 0 in old cells. Decrements on days 10, 15, and 25 and an increment on day 35 were observed compared to day 5. Glutathione increased by 2-, 3-, and 4-fold and by 5-, 6-, and 7-fold on days 30, 20, Values are presented as means ± SE. Changes between cell ages (p < 0.0001) are represented by lowercase letters. Changes within the groups (storage) were significant at p < 0.0001 and are represented by special characters. * Significant compared to day 0. # Significant compared to day 5. ** Significant compared to day 10. ## Significant compared to day 15. ■ Significant compared to day 20. ⚪ Significant compared to day 25. Those not sharing the same letters are significantly different. (Table 2) .
Total Antioxidant Capacity-Cupric Ion Reducing Antioxidant Capacity Assay
Changes in TAC CUPRAC were significant (p < 0.0001) with storage in young and old cells. It was elevated on day 10 and declined on day 20 compared to days 0 and 5 in young cells. TAC CUPRAC reduced on day 20 compared to days 10 and 15, respectively. Significant changes (p < 0.0001) in TAC CUPRAC were observed between young and old erythrocytes. Decrements were observed on days 5 and 10 in old erythrocytes when compared with young ones (Table 2) .
Plasma Membrane Redox System
Changes in PMRS were significant (p < 0.0001) during storage in old cells. Reductions on days 25 and 30 were observed compared to day 0 in old cells. An increment was observed on day 20 compared to days 10 and 15, respectively. PMRS declined on days 25, 30, and 35 compared to day 20.
Significant changes (p < 0.0001) in PMRS were observed between young and old erythrocytes. PMRS was elevated on days 5 and 20 in old cells when compared with young cells (Fig. 3) .
Superoxide Dismutase
Changes in SOD were significant (p < 0.0001) with storage in young and old cells. An elevation in SOD was observed on day 20 compared to days 5 and 15 in young cells. SOD increased on day 20 compared to day 10. SOD decreased in old cells on day 25 compared to day 5. Variations in SOD were insignificant between young and old erythrocytes.
CAT CAT was significant (p < 0.001) in young and old cells with storage. An elevation was observed on day 5 with respect to day 0 in young cells. Decrements in CAT on days 10, 15, and 20 were observed against day 5.
A decline in CAT was observed on day 10 compared to day 0 in old cells. Decrements on days 10, 15, and 20 were observed compared to day 5. CAT increased by 2-fold (day 25) and 1-fold (days 30 and 35) versus day 10. Elevations of 1-fold (day 25) and 66% (days 30 and 35) were observed when compared to days 15 and 20.
Significant changes (p < 0.01) in CAT were observed between young and old cells. CAT decreased on day 10 in old cells versus young cells (Fig. 2) .
Malondialdehyde
Variations in MDA were significant (p < 0.01) with storage in old erythrocytes. Elevations in MDA were observed on days 10, 15, 30, and 35, respectively, versus day 0 in old cells. MDA decreased on day 25 compared with days 10, 15, and 20, respectively. An increments of 1-fold was observed on days 30 and 35 compared to day 25.
The MDA change was significant (p < 0.0001) between young and old erythrocytes. An elevation in MDA was observed on days 10 and 20 in old cells compared to young ones (Fig. 4) . Conjugate Dienes Changes in conjugate dienes were significant (p < 0.0001) in young and old cells. Conjugate dienes decremented on days 10 and 15 compared to days 0 and 5 in young cells. Elevations in conjugate dienes were observed on day 20 compared to days 10 and 15, respectively.
Conjugate dienes decreased on days 10 and 15 but increased on day 35 compared to day 0 in old cells. Increments of 1-fold (days 25 and 30) and 2-fold (day 35) were observed compared to days 10 and 15, respectively. Increments in conjugate dienes were observed on days 25, 30, and 35 compared to day 20. An elevation was observed on day 35 compared to day 25. Conjugate dienes were insignificant between the age groups (Fig. 4) .
Advanced Oxidation Protein Products
Changes in AOPP were significant (p < 0.0001) with storage in young and old cells. An increment in AOPP was observed on day 20 compared to days 0, 5, 10, and 15 in young cells.
AOPP increased on day 20 compared to days 0, 5, 10, and 15 in old cells. Decrements in AOPP were observed on days 25, 30, and 35 compared with day 20. AOPP was insignificant between young and old erythrocytes.
Protein Sulfhydryls
Variations in P-SH were significant (p < 0.0001) with storage in old cells. Decrements in P-SH were observed on day 30 compared to days 10 in old cells. P-SH decreased on days 30 and 35, respectively, compared to day 25. Sulfhydryls were insignificant with respect to cell age ( Table 2) .
Discussion
ROS causes oxidative damage to erythrocytes which result in reduced functionality and efficacy of the cells. This causes premature removal of erythrocytes from circulation, leading to a reduced life span of mainly old cells but sometimes even young cells [37] . The samples were restricted to a young population (age 20-45 years) as samples collected from aged individuals have been reported to have a reduced life span [38] . The samples were also restricted to males to eliminate the effects of hormones such as estrogen and progesterone, which are found in higher concentrations in females [39] .
Sialic acids (90% NANA) are responsible for the electrical charge of the cells [9] . Young erythrocytes have a higher sialic acid content compared to old ones [24] . This was evident in our study, where young cells had higher amounts of sialic acid. GOT, also known as aspartate transaminase (AST) reversibly catalyzes the transfer of amino groups between aspartate and glutamate and plays a key role in amino acid metabolism. It is an age index in erythrocytes, where old erythrocytes have lower GOT levels compared to young ones [24] . Similar results were observed in our study, where young cells had higher GOT levels than old cells. The results of sialic acid and GOT indicate that the cells present in the 70% Percoll layer comprise mainly young cells and, at 84%, old cells.
Previous studies have reported that young cells are absent during prolonged storage (more than 21 days). Young and old cells progressively decline with storage time. The ratio of young to old erythrocytes also decreased [16] . Similar results were observed in our study as erythrocytes disappeared in the 70% Percoll gradient from day 25 and the ratio of young to old cells decreased as storage progressed.
Generation of vesicles results in a significant amount of Hb being lost during storage and ageing of erythrocytes [8] . Similar results were observed in our study, where Hb decreased over the course of storage and was higher in young cells than in old cells.
Erythrocytes undergo progressive morphological changes over the course of storage, leading to hemolysis [12] . Old cells have higher hemolysis and mechanical fragility as the shape recovery after membrane deformation in slower compared to young cells [40] . This was in accordance with our results, where old cells had higher hemolysis and osmotic fragility. However, hemolysis and mechanical fragility increased in both young and old cells during storage. The limitation of this study is that oxidative hemolysis was measured and storage hemolysis was not analyzed.
Enzyme activity decreases with cell age. Young cells have a higher metabolic rate than old cells [41] . This was reiterated in our results, where glucose and LDH were higher in young erythrocytes.
The role of PMRS in maintaining intracellular redox balance in erythrocytes is limited, since they lack mitochondria [42] . However, PMRS protects the erythrocytes against OS and an increase in PMRS represents an increase in OS [43] . The increase in PMRS in old cells is indicative of higher OS and reduction in antioxidant potential. The reduction of PMRS in old cells towards the end of storage can be attributed to the reduction in cell number, as a reduction in PMRS triggers apoptosis [44] Superoxides are formed along with methemoglobin during the dissociation of oxyhemoglobin. Superoxides are highly toxic and they trigger the ROS cascade in erythrocytes [45] . Superoxides were maintained during the storage period in both groups. However, the decline in superoxides in old cells on days 10 and 15 can be attributed to the decrease in glutathione. Glutathione peroxidase is the first line of defense and acts at lower concentrations of H 2 O 2 , while CAT acts at higher concentrations, which is reflected in the CAT activity during late storage [46] . Antioxidant enzymes (SOD and CAT) were maintained even though superoxide levels increased towards the end of storage. This may be due to the effective endogenous antioxidant system of erythrocytes. CAT activity was lower on days 10, 15, and 20 and increased towards the end of storage in old cells. This can be due to lower superoxide levels, leading to a reduced H 2 O 2 formation in earlier storage days.
Young cells had higher a total antioxidant capacity as observed in our results of TAC CUPRAC . This was also evident in the results of antioxidant enzymes and glutathione. The reduction in glutathione on days 10 and 15 can be attributed to the maximum ROS being produced on those days [47] .
Lipid peroxidation results in the formation of hydroperoxides and endoperoxides. Upon fragmentation, these yield reactive carbonyl species such as MDA [46] . Conjugate dienes are primary products of peroxidation and are converted to other forms. They were higher on the initial days and reduced with storage. Young cells had lower levels of MDA than old cells, as MDA accumulates in senescent erythrocytes [48] . Conjugate dienes and MDA were inversely proportional as storage progressed. Previous studies have confirmed that the ROS level is maximal on days 15 and 20 [47] . This was also observed in our results, where MDA increased with ROS. The reduction in MDA on day 25 can be attributed to MDA being a highly reactive electrophile species, forming protein adducts (advanced glycation end products) since the ROS was at a maximum.
Proteins are highly susceptible to oxidative damage due to their rapid reaction rate with radicals and oxidants, resulting in a loss of function [49] . Protein oxidation increases over the course of storage [50] , which was also observed in both young and old cells. This was in corroboration with our results of lipid peroxidation and PMRS. However, changes between young and old cells were insignificant.
Young erythrocytes had higher amounts of Hb, sialic acid, GOT, LDH, and TAC CUPRAC when compared to old cells. However, PMRS and MDA were higher in old erythrocytes with respect to young ones. Thus, young erythrocytes could endure OS more efficiently than old erythrocytes.
In conclusion, the efficacy of stored blood depends on the ratio of young cells in the population. This study highlights the prospects of storing young erythrocytes to improve the shelf life of blood.
